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Abstract Intra- to multi-decadal (IMD) variation in terrestrial precipitation during 1901-98
was evaluated here by sampling annual precipitation rankings over 6-30 year moving time
windows and converting those rankings to Mann-Whitney U statistics. Those U statistics were
then used to identify the most significant concentrations of wet and dry years relative to a
null hypothesis that assumes stationary climate variability. This time series analysis approach
served as the basis of a climate survey method used to identify IMD precipitation regimes
over continental areas, and was also used to evaluate IMD variation in time series of annual
precipitation spatially averaged over those areas. These methods showed a highly significant
incidence of wet years over North America during 1972-98, with 8 of the 10 wettest years
of 1901-98 occurring during that 27-year period. A comparably significant incidence of
late century wetness was also found over a northern Europe grid region, with 7 of the 10
wettest years occurring during 1978-98. Although significant wet and dry regimes were also
found over other land areas in the last decades of the 20th century, the late century North
American and northern European wet periods stood out as the most statistically significant
found here during 1901-98. It is suggested that these recent wet periods are actually terrestrial
evidence of a single multi-decadal precipitation mode extending across the North Atlantic,
and the most observable evidence of an even broader pattern of recent North Atlantic climate
change.

1 Introduction

When considered in terms of the surface energy budget, the Earth is a planet dominated by
the influence of water. The short and long-wave reflectivities of ocean surfaces are lower
than that of most natural terrestrial surface types, thus oceans are generally a more absorptive
radiative sink per unit area. As oceans cover ~71% of the Earth’s surface and possessa
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heat capacity that dwarfs that of land surfaces and the atmosphere (Sellers 1965; Hartmann
1994), they are the leading collection and storage areas of radiative energy in the Earth’s
climate system. Levitus et al.’s (2001) estimates of the warming of various components of
that system over the latter half of the 20th century show that the dominant increase in heat
content is associated with the world’s oceans. The portion of that heat content returned to the
atmosphere is transferred mainly as latent heat energy, as ocean surfaces typically have low
Bowen Ratios (~.10). Such warming of the Earth’s ocean-covered regions could lead to a
potentially non-linear increase in atmospheric water content through the Clausius-Clapeyron
equation, with an associated tendency to stronger precipitation events (Trenberth 1999; Meehl
et al. 2000; Trenberth et al. 2003). As a result, telling evidence of the increased radiative
forcing associated with higher greenhouse gas (GHG) concentrations or a more active sun
might be found in the movement of water from and to the Earth’s surface; i.e., through the
hydrological cycle.

The most recent IPCC assessment of the effects of anthropogenic greenhouse gases and
aerosols (Ramaswamy et al. 2001) suggests that the current net radiative forcing of those
effects is approximately 41 Watt/m? relative to pre-industrial conditions, assuming a cooling
effect of —1 Watt/m? from tropospheric industrial aerosols. The climate simulations of Rind
et al. (2004) indicate that while the effects of increasing solar irradiance are not negligible,
GHG-radiative effects dominate global warming since the Maunder Minimum period. Simi-
larly, the results of Lean et al. (1995), Lean and Rind (1998) and Tett et al. (1999) show that
while increased solar forcing may have contributed to warming in the first half of the 20th
century, GHG-related warming effects dominated in the latter half. Studies of the potential
effects of climate change during the 20th century have tended to focus on related variation in
surface temperature (e.g., Parker et al. 1994; Easterling et al. 1994; Jones et al. 1999; Hansen
et al. 2001) and the public perception of that change has centered on temperature effects
(‘Global Warming’). But other studies have looked for evidence of precipitation effects over
varying spatial scales. Hulme et al. (1998) estimate that annual precipitation averaged over
terrestrial regions has increased by approximately 2% over the 20th century, but also note a
distinct drying trend in the latter half of that period. Bradley et al.’s (1987) and Diaz et al.’s
(1989) trend analysis of centennial-scale zonal and hemispheric rainfall indices indicated
increasing precipitation over the Southern Hemisphere, but opposing trends between sub-
tropical and higher latitude areas of the Northern Hemisphere during the latter half of the 20th
century. The similar analysis of Dai et al. (1997) also shows wetter conditions over the North-
ern Hemisphere poleward of 40°N and a distinct drying trend over the zonal band 0° —20°N
after 1950. These broad terrestrial precipitation signals are also apparent non-zonally. Folland
et al. (2001) show positive trends in annual rainfall over North America and northern Europe
during 1900-1999, but negative trends over southern Europe and equatorial Africa. Over the
Southern Hemisphere positive trends are evident over Australia and Argentina, but drying
trends are indicated over Chile.

Over North America previous work here has shown evidence of a significantly wetter
climate in the closing decades of the twentieth century. Mauget’s (2003) ranking analysis of
annual precipitation averaged over the continental United States during 1896-2001 revealed
that 8 of the 10 wettest years occurred during the last 29 years of that 106-year period.
The general occurrence of high ranked wet years during those 29 years was assigned a less
than 1% probability of occurring in a stationary climate. A shift to wetter conditions is also
evident in the analysis of streamflow. Lins and Slack’s (1999) trend analysis showed that
annually recorded low and median daily streamflow levels have increased over time over
broad sections of the United States. McCabe and Wolock (2002) identified a step function
increase in annual minimum and median daily streamflow levels at U.S. gage stations after
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the early 1970’s, which was also evident in the ranking analysis of annual mean streamflow
at gage stations throughout the Mississippi River Basin in Mauget (2004) and over broader
areas of the U.S. in Mauget (2003).

The significant increase in U.S. precipitation found in Mauget (2003) during the early
1970’s leads to the following question: Was this increase confined to North America or was
it a relatively local expression of a more widespread change in precipitation patterns? The
purpose here is to address that question though a climatological survey of intra- to multi-
decadal (IMD) rainfall variation over a global sampling of grid locations during 1901-98.
While trend analysis of 20th century rainfall over similar grid areas have been reported
elsewhere (Nicholls et al. 1996; Folland et al. 2001), the data analysis approach used here is
specifically designed to identify changing precipitation patterns through the onset, duration,
and significance of IMD rainfall regimes. Part 2 of this paper will discuss the data used
in this analysis. Part 3 will provide a description of the time series analysis method used
here, and will demonstrate that method using data from a North American grid region.
Part 4 will extend the analysis to remaining areas in the northern Hemisphere, while Part
5 will evaluate southern Hemisphere areas. Part 6 will provide a summary and concluding
remarks.

2 Data

The data used here was drawn from the Hulme monthly precipitation dataset (Hulme 1992,
1994; Hulme et al. 1998). This dataset reports the average monthly totals of station data
over 3.75° longitude X 2.5° latitude grid regions, and was derived from a spatial averaging
process using Thiessen polygon weights. Gaps in station data were filled through an anomaly
interpolation method, the details of which can be found in Hulme (1999). The resulting
monthly averages are reported at 1520 grid locations, but serially complete monthly data
over the entire 99 year period of record (Jan. 1900-Dec. 1998) is only reported at 576
Northern Hemisphere grid locations and 150 Southern Hemisphere grid locations (Figure 1).
Those grid cells account for ~45% of total global land surface area excluding Antarctica. As
a consequence, results derived here from this data can only be considered as a sampling of
global terrestrial precipitation variation during the 20th century.

Although the monthly station precipitation totals contributing to these average grid values
have been screened for outliers, the data has not been uniformly adjusted for time-dependent
but non-climatic variation due to changes in instrumentation and/or observation practices
(Groisman et al. 1991; Groisman and Legates, 1995; Peterson et al. 1998). Corrections have
also not been made for the inherent tendency of rain gauges to undercatch solid precip-
itation, which could produce a late century warm-climate bias in precipitation measure-
ments. That is, late-century winter warming evident over higher latitudes (Parker et al. 1994;
Folland et al. 2001) could produce a widespread shift from snowfall to rainfall during the
winter months. If gauge undercatch is uncorrected, such a shift would improve the meteo-
rological network’s ability to detect winter precipitation, even though total precipitation and
the observing network itself were unchanged. While data from Scandinavian and Russian
stations has been corrected for time dependent undercatch bias originating from changes in
gauge design, such changes are not corrected for in other regions. As a result, Hulme (1999)
advises caution in interpreting variation in high latitude precipitation trends outside of Russia
and Scandinavia.

The climate variable considered here is annual precipitation summed over October—
September water years. That integration period was chosen in order to avoid adding monthly
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rainfall totals from successive wet seasons, as might occur when calendar years are used to in-
tegrate annual rainfall over Northern Hemisphere areas with winter (e.g. December—February)
rainfall maximas. To avoid such a problem globally, an integration period beginning in boreal
Fall/austral Spring was chosen to resolve both summer and winter precipitation maximas in
either hemisphere.

3 Statistical methods and North American IMD rainfall variation
3.1 Time series analysis of running Mann-Whitney Z statistics

Low frequency variation is an important issue in climatology, but many analysis methods
are poorly suited to identifying it in multi-decadal or centennial time scale data records.
Although trend analysis is widely used, low frequency cyclic variation in the data can cause
the significance or even the sign of trends to depend on the period over which trends are
fitted (e.g., see Figure 1 and Table 1 in Hulme et al. (1998)). Fourier analysis identifies
harmonic behavior, but assumes that it occurs somewhat continuously over the entire pe-
riod of record. Wavelet analysis (e.g. Lau and Weng 1995) detects intermittent harmonic
variation by projecting wavelet transforms onto the data over moving time windows, but
is still somewhat limited by the assumption that climate varies in an idealized cyclic man-
ner. Even so, given the intermittent nature of climate variability, moving window methods
such as wavelet analysis are relatively robust. The time series analysis method used here ex-
tends the generality of wavelet analysis by making more general assumptions about how low
frequency climate variability occurs; specifically, that such variation consists of non-cyclic
IMD climate regimes of arbitrary onset and duration during the 20th century. The follow-
ing describes this method through an analysis of spatially averaged North American annual
rainfall.

Assuming an October—September summation period, 98 years of yearly precipitation
(ypcp) totals can be derived for each of the 154 North American grid points in Figure 1 during
January 1900-December 1998. Using those yearly totals and the areas of the corresponding
equal angle grid region, a spatial average of yearly precipitation (APCP) can be estimated
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Fig. 1 Grid locations of the Hulme precipitation dataset with continuous monthly data between January
1900 and December 1999. Outlined areas mark the North American (NAM), Eurasian (EURA) and Southern
Hemisphere (SHEM) grid areas considered here
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Fig. 2 (a) Time series of annual (October—September) rainfall spatially averaged over Figure 1’s 154 North
American grid locations for the 1901-98 water years (APCP). Gray years mark the ten most highly ranked
APCP values of 1901-98. Vertically hatched horizontal bars show 10-year periods with the most significant
incidence of high (Z > 0) and low APCP rankings (Z < 0) identified by the running 10 year analysis in Figure
b. Oblique hatched horizontal bars show periods with the most significant incidence of high and low rankings
from running analyses using sampling periods of 6,7, . .. 30 years. Vertical position of horizontal bars indicate
Z values for rankings during those periods (right Y axis). (b) Mann-Whitney Z statistics for running 10 year
samples of APCP rankings. Horizontal lines mark positive and negative significance at 90%, 95%, and 99%
confidence levels

over those grid points.
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The time series analysis approach used in Mauget (2003) and here evaluates the rankings
of annual precipitation values sampled from moving time windows of varying (6-30 year)
duration. The test statistic used is the Mann-Whitney U Statistic (Wilcoxon 1945; Mann and
Whitney 1947; Mendenhall et al. 1990), which can be used to determine the significance of an
arbitrary distribution of rankings in a sample. As used here, the formation of Mann-Whitney
U statistics assumes the data has been ranked and divided into two classes. For example,
the 98 years of North American APCP values in Figure 2a might be ranked and divided
into a class consisting of the sample being tested (class I, of, for example, size n; = 10)
and the remaining non-sample rankings (class II, of size n;; = 98 — n;). Although analytic
expressions (Wilks 1995; Mendenhall 1990) are normally used to form sample U statistics,
those statistics are equal to the total number of non-sample data values that precede each
sample value when all data values are arranged by rank. That is, for the U statistic of the
sample considered above (U;):

ny K2

Ur=Y_ Y ¢RankI;, Rank II), )

i=1 j=I

where Rank /; is the rank of the ith member of class I, etc., and ¢(Rank /;, Rank /1) = 1
if Rank I; < Rank I}, 0 otherwise. Thus the maximum Uy statistic in this example would
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occur when the sample accounts for the 10 highest rankings (U; = 88 x 10), while the smallest
statistic would result when it accounts for the 10 lowest (U; = 0x 10). More general sampling
outcomes result in U statistics that are proportional to the incidence of high or low rankings
in the sample, but bounded by those extreme values. If the 98!/88!10! possible sampling
outcomes of class / rankings are equally probable, the resulting distribution of U, statistics
is Gaussian with a mean equal to the average of the maximum and minimum values (e.g.,
n = .5%(10x88)), and a standard deviation given by the expression o = (nyn;; *(n; + ny;
+ 1)/12)1/2 (Mann and Whitney, 1947). These parameters can be used to Z-transform U
statistics, with significantly high (low) Z values indicating a significant incidence of high
(low) sample rankings relative to a null hypothesis that assumes random sampling. But
while climate variation can persist from year-to-year (Thiebaux and Zwiers 1984), Mann
and Whitney’s (1947) analytic solution for ¢ assumes that sampling outcomes consistent
with both persistent and serially independent climate variation are equally probable. Because
sampling outcomes consistent with persistent, or ‘red’, variation are more likely in 98-year
time series of annual climate values, a more climate-specific null hypothesis will be posed
here. Namely, that those time series represent a stochastic climate sharing the same mean
and variance of the actual climate record, and similar persistence characteristics, but are
essentially stationary and trendless during 1901-98 (Hy). From the standpoint of annual data
rankings this is equivalent to assuming that high and low rankings are randomly distributed
throughout time, but with persistence similar to that of the observed data. The parameters
of U null distributions consistent with that hypothesis were derived here via the following
Monte Carlo protocol.

I. Given a null hypothesis that assumes no long-term variation in the data, calculate AR(1),
AR(2), and AR(3) regression coefficients from the autocorrelation values of the detrended
data, and select the AR model yielding the minimum Akaike Information Criteria score
(Akaike 1974).

II. From the results of step (i), form autoregressive red noise processes.

III. Adjust the mean and variance of the red noise process resulting from step (ii) and truncate
the number of significant digits to agree with that of the data. Then, select red noise series
of appropriate length — in the case of Figure 1’s APCP series, 98 — and rank those values.

IV. From the ranked noise processes resulting from step (III) calculate appropriate null
statistics, which in the current APCP example would be U statistics derived from non-
overlapping 10 element segments of each red noise series.

V. Repeat (II-IV) until 50,000 independent null realizations are calculated, then determine
the distribution parameters of the resulting U; null statistics.

Using the null distribution parameters derived from these Monte Carlo simulations
(mc,0 mc), the Z statistics of rankings sampled from the un-detrended APCP time series
can be used to test Hy.

U —puc
omc

4 3

The Mann Whitney Z statistics for running 10-year samples of ranked North American
APCP values can be found in Figure 2b. Generally, these running analyses tend to produce
redundant results at a fixed sampling size (n;). For example, of the nineteen 10-year sampling
periods that begin after 1970, all but 2 (1976-85, 1980-89) are positively significant at a 90%
confidence level (Z > 1.645). To isolate the most significant IMD variation occurring over
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distinct periods, the approach here is to identify only the most significant sequences of
rankings exceeding a minimum 90% confidence threshold (|Z| > 1.645) and occurring over
non-overlapping time windows. Thus in Figure 2a the distinct and optimally significant dry
periods marked by the 10-year analysis are 1909-18 (Z = —2.594), 1922-31 (Z = —2.203)
and 1948-57 (Z = —1.916). The significantly wet 10-year periods identified are 1978-87
(Z = 2.458) and 1989-98 (Z = 3.055).

Because the running analysis leading to Figure 2a evaluates Mann-Whitney U statistics
over all possible 10-year windows, optimally significant wet or dry periods occurring over
any 10-year time window can be identified during 1901-98. To extend this test to a wider
range of time scales running calculations of U statistics were repeated using sample sizes of
6,7, ...30 years. Varying sample size required that Equation 2’s jt ;¢ and o ;¢ parameters be
calculated for each window length, given the dependence of those parameters on sample size.
Thus ppc-0 yc parameter pairs were calculated independently for each of the 25 sample
sizes in the course of the Monte Carlo simulations. After the running U statistics from each
analysis were normalized by the appropriate null parameters (Equation 3) the Z statistics from
all 25 tests that exceeded the minimum confidence threshold were, as in the 10 year analysis,
screened for those periods resulting in the greatest significance over non-overlapping IMD
periods. Thus the most significant negative Z statistic (—3.450) from all 25 running analyses
of APCP rankings is found in the 28 year analysis during 1909-36. This result effectively
trumps both the 1909-18 and 1922-31 Z statistics from the 10-year analysis and all other
significant Z statistics from sampling periods that overlapped 1909-36. Similarly, the Z
statistic from the 6-year analysis during 1951-56 (—2.700) exceeds the 1948-57 10 year Z
statistic, and all other Z statistics that showed dry conditions during the early 1950’s over
other time windows. The most significant positive Z statistic (4.584) among all analyses, and
the greatest magnitude statistic overall, is evident during the 27 year period 1972-98. That
statistic’s magnitude allows for the rejection of the previously described null hypothesis (Hy)
at a 99% confidence level and shows an unprecedented concentration of high ranked APCP
values after 1971. Like a comparable result in Mauget (2003) derived from United States
climate division precipitation data, that statistic is strongly influenced by the fact that 8 of
the 10 wettest years in Figure 2a’s precipitation record are found during the final 30 years of
the 20th century.

3.2 IMD climate survey method

Testing spatially averaged precipitation time series using Section 3.1’s method is useful over
land areas that share a coherent IMD climate response. Over North America this is known
to be the case during recent decades from previous work. But over larger geographic regions
such as Eurasia different areas could experience simultaneous dry and wet IMD periods.
Under such circumstances, spatially averaging across arbitrary land areas (e.g. Vinnikov
et al. 1990; Groisman and Easterling 1994), or across land areas within a zonal band (e.g.,
Diaz et al. 1989; Dai et al. 1997) might cancel out those opposing climate signals. To isolate
the timing of wet or dry IMD regimes and the areas over which they occur, an additional
survey method will be used here which basically reverses the process described in Section
3.1. That is, whereas before spatial averaging was followed by running Z analyses of the
resulting time series, this method first conducts running analysis of ranked annual data from
individual grid locations, then records the percentage of total grid area that shows significant
positive and negative Z statistics during running time windows. The method used to test
samples of rankings at the grid level is identical to that used to test U statistics derived from
running samples of APCP rankings. Null U distribution parameters are determined via the
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Monte Carlo process described before, with ¢ and o ¢ parameters derived for annual
rainfall series at each grid location.

An example of this survey approach can be found in Figures 3a and 3b. Figure 3a shows
the North American area percentages that result when annual rainfall rankings over all 27-
year sampling windows during 1901-98 are tested for positive significance (Z > 1.645).
As in Figure 2a, the 1972-98 result is the maximum value, with approximately 48% of the
North American grid area showing a significant incidence of highly ranked annual rainfall. In
Figure 3b triangles mark those grid locations whose Z statistics for 1972-98 annual rainfall
rankings are positively significant at a 90% level or better, with darker shades showing
higher significance. Significant negative Z statistics — which are marked by inverted triangles
of various shades — are limited to grid locations in western Canada.

As in Section 3.1, this survey method is extended to a wider range of IMD time scales by
using sampling windows of varying duration. Thus analyses similar to that leading to Figure
3a were conducted with 25 sample window sizes between 6 and 30 years in length. This
varying window duration required Monte Carlo trials to be repeated for each window length,
given the dependence of py and oy on sample size. Thus for each grid location, 25 iy c-
o yc parameter pairs were independently generated through the course of the Monte Carlo
simulations. For each of the 25 sample window sizes, running analyses of significant positive
and negative annual rainfall Z statistics over the North American grid locations produced
2 area timelines similar to Figure 3a, resulting in a total of 50 timelines. Again, the peak
values in these timelines indicate n-year periods during which relatively large areas of North
America experienced a significant incidence of low (MWZ < —1.645) or high (MWZ >
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Fig. 3 (a) Percentage of North American grid area showing positively significant (>1.645) Mann Whitney Z
statistics for October-September rainfall over running 27 year time windows during 1901-98. (b) Z statistics
for annual rainfall rankings at each grid location during 1972-98. Progressively shaded triangles (inverted
triangles) show positive (negative) Z statistics significant at 90%, 95%, and 99% confidence levels
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1.645) rankings in annual rainfall relative to Hy. Given the number of timelines generated,
only the peak periods are shown here in Figure 4a and 4c.

In Figure 4a black bars show the peak wet periods at each sample size. The gray bars in that
figure mark secondary peak periods, defined here as time windows during which significant
Z statistics were found over areas comparable to peak area values, but did not overlap the
primary peak period in time. Comparable areas were considered here as at least 70% of the
peak period area. Similarly, the black and gray bars in Figure 4c mark IMD dry periods. The
corresponding percentage of total North American grid area exhibiting significant positive
and negative Z statistics during each primary peak time window are found in Figures 4b and
4d. As a result, the peak percentage for the 27-year analysis in Figure 3a during 1972-98
is found again in the 27-year analysis of Figure 4b. Figures similar to Figure 4 will be used
here as departure points in the following climate survey method:

e Peak area values found in Figures b and d of those figures are first used to identify the
sampling window size that resulted in the most spatially extensive climate impacts, with
the corresponding black bars in Figures a and ¢ marking time windows during which the
impacts occurred.

a) Peak (m) and Secondary (o) Wet Periods b) % NAM area with Z > 1.645

during peak wet periods
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Fig. 4 (a) N-year time windows during which relatively large areas of North America (NAM) grid locations
experienced a significant incidence of high (Z > 1.645) rankings in annual rainfall, as determined by timelines
similar to Figure 3a. Black bars show peak wet periods at each sample size for N = 6 to 30 years. Gray bars
mark secondary peak periods, defined here as periods during which significant Z statistics were found over areas
comparable to peak area values, but not overlapping the primary peak period in time. (b) Percentage of total
North American grid area showing significance at a 90% or better confidence level during the corresponding
peak wet periods in (a). (c) As in (a) for peak and secondary periods marked by a significant incidence of low
(i.e., Z < —1.645) rankings in annual rainfall. (d) Percentage of North American area grid showing significant
Z statistics during corresponding peak dry periods in (c)
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e Over those time windows, Z mappings similar to Figure 3b are then plotted to determine
the areas affected during those dry or wet periods.

¢ Finally, APCP time series similar to that of Figure 2a are formed over those areas, and the
time history of the area’s IMD variation is further evaluated using the method of Section
3.1.

This climate survey process is objective and robust because it is based on a time series
analysis method that possesses those properties. The method of Section 3.1 is robust because
it is based on a non-parametric test that is insensitive to assumptions of distribution. The
Mann-Whitney U statistic is also objective in that it can identify runs of extreme rankings,
but imposes no artificial thresholds that define extreme rankings. By repeating that test over
running time windows of varying duration, the survey method used here can objectively
determine when, where, and at what significance IMD precipitation regimes have occurred
over specified grid regions during 1901-98.

4 Other northern Hemisphere IMD rainfall variation

Figure 5 is the counterpart to Figure 4 calculated over Figure 1’s 421 Eurasian (EURA)
gridpoints. Like Figure 4a’s North American survey, many periods of peak wetness occur
during late century time windows, with the most spatially extensive wet period occurring
during 1980-98. But unlike the North American results, earlier periods of wetness during the
early and mid-20th century were comparable in their areal coverage over this extensive land
area. In the 14-year analysis the peak wet period was 1908-21, and the map of those years Z
statistics (not shown) show wet conditions over China and the eastern Mediterranean. Over
the 6-12 year sampling windows peak wet periods occur during mid-century, with the most
widespread effects found during 1956—64. A map of the Z statistics during that 9-year period
(not shown) shows wet conditions over India and east Asia. In Figure 5c almost all primary
dry peak periods occur during early century time windows. However, in Figure 5a those
approximate time windows are also shown as secondary wet periods, which shows that wet
and dry conditions co-existed over the EURA region during the early 20th century. Evidence
of simultaneous wet and dry IMD periods are also apparent during the late 20th century in
Figures 5a and Sc, as secondary dry periods in Figure Sc during late century 8—16 year time
windows approximately coincide with primary wet periods in Figure 5a.

Figure 6 is the EURA counterpart to Figure 3b, with Z statistics plotted for annual rainfall
rankings at each grid location during 1980-98. Apart from relatively scattered evidence of
wetness over the outlined east Asian (E-ASIA) grid cells, that figure is dominated by a
pattern of opposing rainfall regimes over Europe. A significant incidence of wet years is
apparent at most grid points within the outlined northern European (NEUR) region which
includes the British Isles, Scandinavia, and the western 1/3rd of Russia. By contrast, many
southern European (SEUR) gridpoints outlined in Figure 6 show a significant incidence of
low ranked annual rainfall conditions over southern and central Europe, the Balkans, and the
Mediterranean.

Figure 7a is analogous to Figure 2a, with annual rainfall spatially averaged over Figure
6‘s NEUR gridpoints during 1901-98. As in Figure 2a the horizontal bars of Figure 7a mark
periods with the most significant incidence of high and low rankings from running analyses
of MWZ statistics using sampling periods of 6,7, ... 30 years, and the vertical placement
of those bars mark the corresponding Z values for rankings during those periods. Figure 7a
shows an apparently abrupt shift to wetter conditions over Figure 6’s NEUR region during
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Fig. 5 Asin Figure 4a—d for the 421 grid locations of the EURA area in Figure 1

1978-98, similar to that found in Figure 2a’s North American time series. During that 21-year
period 17 years ranked above the 98-year median northern European APCP value, and 7 of
those years were among the 10 wettest years of 1901-98. The resulting Z statistic (4.680)
marks the most significant concentration of wet or dry years in the Figure 7a time series.
Figure 7b’s is Figure 7a’s counterpart over Figure 6’s SEUR gridpoints during 1901-
98, and shows a late-century transition in IMD rainfall roughly opposite to that found over
northern Europe. That is, whereas Figure 7a shows a transition from significantly dry con-
ditions during 1969-76 to significantly wet conditions during 1978-98, wet conditions over
the southern European gridpoints during 1958-81 gave way to dry conditions during 1982—
93. However, there is also evidence of a recent recovery from that latter dry period, as the
1995-98 southern European APCP values have ranked above the 1901-98 median (>49).
To compare the significance of the recent northern European wet period with other
Eurasian wet periods during 1901-98, figures analogous to Figure 2a for APCP averaged over
Figure 6’s east Asian, India (IND) and China (CH) gridpoints can be found in Figures 8a,b,
and c. In Figure 8a a recent wet period is evident in the east Asian APCP record during
1981-98, but the magnitude of the associated Z statistic (2.090) shows the roughly concur-
rent northern European wetness to be the stronger IMD climate effect. As mentioned earlier,
the Eurasian climate survey marked the late 1950’s and early 1960’s as a wet period over
east Asia and India, which is evident in Figures 8a and b. In the east Asia APCP series 5 of
the 10 wettest years of 1901-98 occurred during 1955-62, leading to a Z statistic of 3.360.
In the India APCP time series the incidence of high ranked annual rainfall conditions during
1954-63 produces a comparable Z statistic (3.285). Figure 8c shows recent evidence of a
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40N Mann-Whitney Z Statistics for Annual Rainfall: 1980 - 1998
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Fig. 6 Mann-Whitney Z statistics for annual rainfall rankings at each Eurasian grid location during 1980-
1998. Outlined areas mark the northern European (NEUR), southern European (SEUR), east Asian (E-ASIA),
India (IND) and China (CH) gridpoint regions referred to in the text. Positive and negative significance of Z
statistics is marked by the token shading scheme of Figure 3b
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Fig. 7 (a) Time series of annual (October—September) rainfall spatially averaged over Figure 6’s NEUR grid
locations for the 1901-98 water years (APCP). Gray years mark the ten most highly ranked APCP values of
1901-98. Oblique hatched horizontal bars show periods with the most significant incidence of high and low
rankings from running analyses using sampling periods of 6,7, . .. 30 years. (b) As in (a) for Figure 6’'s SEUR
grid locations

shift to wetter conditions over China, with the relatively dry 1978-89 period giving way to
weakly significant wet conditions during 1992-98 (Z = 1.747). But wet periods of greater
significance are found in the China APCP series during 1903-21 (Z = 2.989) and 1945-
54 (Z = 2.533). Overall, Figures 7 and 8 show that while IMD wet periods have occurred
throughout the EURA grid region during the 20th century, the recent northern European wet
period is clearly the most significant.
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Fig. 8 (a) As in Figure 7a for Figure 6’s E-ASIA grid locations. (b) As in Figure 7a for Figure 6’s IND grid
locations. (c) As in Figure 7a for Figure 6’s CH grid locations

5 Southern Hemisphere IMD rainfall variation

Figure 9 is the result of integrated MWZ analyses similar to those that produced Figures
4 and 5 as applied over all of Figure 1’s SHEM grid areas. Like the corresponding North
American results in Figure 4a all peak wet periods in Figure 9a occur after mid-century, and
all but 2 begin after 1971. Figure 9b shows that the most spatially extensive of these wet
periods occurred during 1974-79. Figure 9c reveals 2 general periods of extensive Southern
Hemisphere dryness over land. In Figure 9d the 20-30 year periods of peak dryness are
found between the early 1920’s and the late-1940’s, with 1923-49 marked as the time of
most widespread dryness. In the 9-19 year analyses the peak dry periods all begin after
1979, with the most extensive effects occurring during 1982-96. As a result of these more
recent dry periods, Figures 9a and ¢ show both wet and dry IMD periods over the Southern
Hemisphere grid regions in the last decades of the 20th century. This in turn suggests late-
century IMD rainfall regimes of opposite sign over South America, southern Africa, and
Australia, which are illustrated in Figure 10a and 10b.

Figure 10a is a plot of the MWZ statistics for annual rainfall rankings at each Southern
Hemisphere grid location during 1974-79, and shows that wet conditions were widespread
over southern Africa and eastern Australia during that time and somewhat less evident over
South America. Figure 10b shows that during 1982—-96 dry conditions were limited to southern
Africa, but that South American wet conditions became more widespread.
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Fig. 9 As in Figure 4a—d for the 150 grid locations of the Southern Hemisphere (SHEM) area in Figure 1

a) Mann-Whitney Z Statistics for Annual Rainfall: 1974-1979
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Fig. 10 (a) Mann Whitney Z statistics for annual rainfall rankings at each SHEM grid location during 1974—
79. (b) Z statistics for annual rainfall rankings at each SHEM grid location during 1982-96. Outlined areas
mark the South American (SAM), southern African (SAF), and eastern Australian (E-AUS) grid regions

referred to in the text
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Fig. 11 (a) Asin Figure 7a over Figure 10’s SAM grid locations for the 1901-98 water years. (b) As in Figure
7a for Figure 10’s SAF grid locations. (c) As in Figure 7a for Figure 10’s E-AUS grid locations

The time series of spatially averaged annual rainfall over Figure 10’s South American
(SAM), southern African (SAF), and eastern Australian (E-AUS) grid points can be found in
Figure 11a—c, together with the optimally significant dry and wet periods found by running
Z analyses. In Figure 11a those analyses marked 1973-94 as the most significant wet period
over the South American grid regions. An only slightly less significant South American
wet period occurred during 1974-98, but the lower Z statistic for that period in the 25-year
analysis (3.899) was trumped by the 1973-94 statistic (3.914) in the 22-year analysis. As a
result, a significant tendency to end of century wetness was found over the SAM grid area,
but this wet period was tempered by low ranked annual rainfall conditions in 1989, 1990, and
1996. Figure 11b’s southern African time series shows a transition from significantly wet
conditions during 1975-80 to dry conditions during 1983-96. It is interesting to note that the
shift from wet to dry conditions over southern Africa during the early 1980’s in Figure 11b
was roughly in phase with a similar shift over southern Europe in Figure 7b, which was in
turn coincident with the shift from dry to wet conditions over northern Europe in Figure 7a.
This suggests a roughly simultaneous inter-hemispheric response in the general circulation
over the longitudes spanned by Figures 6 and 10’s European and southern African grid areas.
Figure 11c shows that, like southern Africa, extremely wet conditions were evident over
Figure 10a’s eastern Australia grid points during the mid- to late 1970’s. However, unlike
southern Africa, no significant incidence of low ranked rainfall is evident over that region
after the early 1980’s.
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6 Summary and discussion

Rankings of annual (October—September) precipitation totals calculated over a global sam-
pling of terrestrial grid locations (Figure 1) during 1901-98 were subjected here to time
series analysis of Mann-Whitney U statistics over running intra- to multi-decadal (IMD)
sampling windows. As the magnitude of U statistics are proportional to the incidence of
high or low rankings during a sampling period, such running analyses can identify the most
statistically significant sequences of extreme annual rankings in a data record at a fixed sam-
ple size. Repeating these analyses over sample sizes of 6-30 years allows for the objective
identification of IMD precipitation regimes of arbitrary onset and duration in the data record.
This approach was applied here at two levels: 1) to time series at the grid level as part of a
climate survey process that identified when and where IMD rainfall regimes occurred over
continental and hemispheric land regions (Section 3.2; Figures 4, 5, 9), and, 2) to time series
of annual precipitation spatially averaged over grid areas determined by that survey to share
a significant IMD response (Section 3.1; Figures 2, 7, 8, 11).

This research follows earlier work (Mauget, 2003) that showed a highly significant shift to
wetter conditions over the continental United States after the early 1970’s, also found here in
Figures 2 and 3. The main question posed here was whether that wetness was limited to North
America or was a regional expression of a more widespread shift in global precipitation. The
answer to that question is that while recent precipitation increases were found over some
terrestrial areas, wetter conditions of even greater significance were found over northern
Europe after the late 1970’s. Other land areas where recent wetness was evident were the
southern portion of South America (Figure 10b, 11a), east Asia (Figure 6, Figure 8a) and
China (Figure 8c). A nearly concurrent shift to dry conditions was found in both southern
European (Figure 7b) and southern African (Figure 11b) precipitation after 1980, but neither
dry period persisted until the end of the data record (1998). Over the eastern Australia region
considered here no significant incidence of low or high ranked annual rainfall conditions was
apparent at the end of the century (Figure 11c).

In terms of conditions averaged over geographic areas, the most statistically significant
concentrations of high ranked annual precipitation during 1901-98 were found over northern
Europe during 1978-98 and over North America during 1972-98 (Table 1). The recent
opposing decadal precipitation regimes shown here over northern and southern Europe in
Figures 6 and 7 have been reported by Hurrell (1995) and Hurrell and van Loon (1997),
who attribute them to the persistent positive phase of the North Atlantic Oscillation (NAO)
that has existed since the early 1980’s. The NAO is a central influence on North Atlantic
climate that is most dynamically active during the winter months (Hurrell et al. 2003). It can

Table 1 Wettest periods during

1901-98 by grid region Grid Region Period MwWZ
Northern Europe 1978-98 4.680
North America 1972-98 4.584
South America 1973-94 3914
East Asia 1955-62 3.360
Intra to multi-decadal periods of India 1954-63 3.285
peak wetness over the regional China 1903-21 2.989
grid areas considered here, as Eastern Australia 1974-79 2.909
determined by running Southern Africa 1975-80 2.804
Mann-Whitney Z analysis of Southern Europe 1936-41 2.659

spatially averaged annual rainfall
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influence winter precipitation patterns from North America to Europe and the Middle East
through the meridional displacement of the North Atlantic storm track (Hurrell 1995; Hurrell
and van Loon 1997; Hurrel et al. 2003). During the mode’s negative phase (NAO-) the storm
track assumes a relatively direct course between the eastern coast of the United States and
the Mediterranean. The mode’s positive phase (NAO+) moves the storm track northwards,
with a consequential drying effect on the Mediterranean and the Middle East (Cullen and
deMenocal 2000; Eshel et al. 2000; Cullen et al. 2002). That displacement also produces more
southwesterly moisture transport across eastern North America and the North Atlantic that
penetrates northward into northern Europe and Scandinavia (Hurrell 1995; Dai et al. 1997).
Through the use of gridded precipitation analyses (Dickson et al. 2000; Cullen et al. 2002,
see Figure 12) and the calculation of atmospheric moisture budgets in the NCEP/NCAR
reanalysis (Hurrell 1995; Hurrell et al. 2003; Visbeck et al. 2003) the positive mode has also
been shown to increase winter precipitation over the northern North Atlantic. The patterns of
Z statistics outlined in Figures 13a and 13b mark NAO+ moisture advection over land areas,
with highly significant incidences (Z > 2.545) of wet years at the North American entrance
and Scandinavian exit regions of the North Atlantic storm track during recent decades. Given
these terrestrial rainfall patterns, and the trans-oceanic extent of the North Atlantic storm
track (Rogers 1990, 1997; Hurrell et al. 2003), two indirect conclusions are proposed here:
(1) that these recent wet regimes are most likely terrestrial evidence of a single multi-decadal
wet mode extending from eastern North America to Scandinavia and beyond, and (2), that
similar wet conditions may have occurred over the North Atlantic.

The time series of annual rainfall averaged over Figure 13a and b’s entrance and exit
grid regions can be found in Figures. 13c and d, and show increases of 10.5% and 7.3%
respectively during recent decades relative to previous years. Assuming that conditions over
those regions are roughly representative of North Atlantic conditions, this suggests that
North Atlantic rainfall may have increased by ~7-10% since 1980. Increased North At-
lantic rainfall rates could have important climatic consequences, as these ocean areas include
deep-water formation sites of the thermohaline circulation (Broecker and Denton 1989;
Broecker 1997). Modeling simulations (Stocker and Wright 1991; Rahmstorf 1994) show
that reductions in North Atlantic salinity and surface density could, by slowing or stopping
that circulation, lead to abrupt cooling of North Atlantic climate. Recent decades have seen
a tendency to lower salinity conditions over the North Atlantic that were dominant dur-
ing the 1970’s (Dickson et al. 1988; Dickson 1995; Hansen and Bezdek 1996; Curry and
Mauritzen 2005), and were also evident during the 1980’s (Curry and Mauritzen 2005) and
1990’s (Hékkinen 2002). After evaluating multi-decadal oceanographic records, Curry and
Mauritzen (2005) conclude that that an equivalent freshwater layer ~3.0 m thick has been
introduced into the North Atlantic during 1965-95, over an ocean area roughly extending
between Figure 13’s entrance and exit regions. Broecker (1997) estimates that if the excess of
precipitation plus runoff over evaporation were to increase by 50% over the North Atlantic,
the winter surface waters from which deep water formed would have to cool by 1.4°C to
compensate for the resulting reduction in density. However, given the transition to cooler
North Atlantic sea-surface temperatures after the early 1970’s (Schlesinger and Ramankutty
1994; Hansen and Bezdek 1996; Sutton and Allen 1997), such compensation may be
occurring.

The recent tendency to cooler and fresher North Atlantic ocean conditions might be traced
to multiple influences including increased flow of fresh water and ice from the Arctic, de-
crease of saline water northward from the subtropical Atlantic and increased precipitation
(National Research Council 2002; Dickson et al. 2002). Of these influences the first sug-
gests the effects of Arctic warming (Rothrock et al. 1999; Serreze et al. 2000; Comiso and
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Fig. 12 Composite winter (December—March) precipitation anomalies derived from CMAP monthly data
(Xie and Arkin, 1996) for (a) negative phase NAO conditions, and (b) positive phase NOA conditions (From
Cullen et al. 2002)

Parkinson 2004), while the last suggests increased rainfall over the North Atlantic storm
track. The latter possibility and the recent precipitation increase proposed here are indirectly
supported by Curry et al.’s (2003) ocean salinity analysis, which shows salinity increases in
the northern subtropical Atlantic and decreases at higher latitudes between the 1950°s and
1990’s. Because the salt content of ocean basins is roughly conserved, these salinity changes
are consistent with the net transfer of fresh water from subtropical to mid-latitudes over the
North Atlantic through increased evaporation and precipitation rates. The results found here
suggest that increased precipitation may have contributed substantially to the recent North
Atlantic freshening. Assuming a rainfall increase over Curry and Mauritzen’s (2005) sub-
polar basin region (see Figure 13a, and b) during 1980-95 equal to Figure 13d’s post-1979
step increase, then the annual rainfall over that ocean area may have increased by an average
of 70 mm during those 16 years relative to 1901-79. Cumulatively, that would result in an
addition of ~1.0 meter of freshwater during 1980-95, approximately one-third of Curry and
Mauritzen’s 3.0 meter estimate during 1965-95.

Curry et al. (2003) note that subtropical North Atlantic water masses were both warming
and becoming more saline and evaporative in recent decades, and suggest that this may be a
consequence of a stronger hydrological cycle and broader trends of global warming. Dickson
et al. (2000) have also proposed a recent shift in the North Atlantic hydrological cycle.
Their study of the Xie and Arkin (1996) precipitation analyses shows increased precipitation
over the Norwegian and Greenland seas during NAO+ conditions. Given the pronounced
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Fig. 13 (a) Mann Whitney Z statistics for annual rainfall rankings at North American grid locations during
1972-98. (b) Z statistics for annual rainfall rankings at European grid locations during 1980-98. The gray
outlined North Atlantic area marks the sub-polar ocean basin of Curry and Mauritzen (2005). (c) October-
September rainfall spatially averaged over the North Atlantic storm track entrance region outlined in (a) for
1901-98. Gray years mark the ten most highly ranked APCP values of 1901-98. Horizontal lines mark the
mean annual precipitation for 1901-71 (936 mm) and 1972-98 (1034 mm). d) As in (c) for the North Atlantic
storm track exit region outlined in (b) for 1901-98. Horizontal lines mark the mean annual precipitation for
1901-79 (915 mm) and 1980-98 (985 mm)

shift from NAO— to NAO+ conditions between the 1960’s and 1990’s, they propose that
precipitation has increased over that area of the North Atlantic in recent decades. Using an
18 year data set of monthly rawinsonde data, they also demonstrate that NAO+ conditions
are marked by an almost doubled poleward atmospheric moisture flux through that region
during winter, relative to the 18 year winter mean. As a result, they suggest that the latent
heat flux entering the European Arctic through the Nordic Seas has substantially increased
since the 1960’s

When compared with some other long-term climatological data sets (e.g. Easterling
et al. 1996) the precipitation data used here is relatively raw. That is, the data is not uni-
formly corrected for changes in gauge design or observing practices, or solid precipitation
undercatch. While the recent North Atlantic precipitation mode suggested here is directly
evident over North America and northern Europe, Hulme (1999) advises that variation in
high latitude precipitation trends outside of Russia and Scandinavia be viewed with cau-
tion. As a result, the recent North American wetness detected with this data may be partly
artificial, i.e., due in part to influences other than an actual increase in precipitation. But
other evidence suggests a real climate effect. Groisman and Easterling’s (1994) analysis of
unbiased estimates of annual precipitation averaged over an area roughly coincident with
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Figure 13a’s entrance region shows a linear increase of +11.3% during 1891-1990, approx-
imately equal to the +10.5% step-increase found in Figure 13c. As their data is adjusted
for the effects of gauge undercatch, this suggests that that step increase is not the result of
a late-century warm climate bias as described in Section 2. While the North American data
used here is also uncorrected for instrumental discontinuities, consistent increases in annual
mean streamflow over the Mississippi River valley and the eastern United States after the
early 1970’s (Mauget 2003, 2004) supports the position that Figure 13a’s recent entrance
region wetness, and North American wetness in general, is a true climate effect. Although
the Hulme data may be relatively reliable over Scandinavia, the recent wetness over Figure
13b’s exit region is also indirectly corroborated by the advance and increasing mass balance
of glaciers in western Norway during the 1980’s and 1990’s (Tvede and Laumann 1997;
Hoelzle et al. 2003), in contrast to the late-century retreat of glaciers evident in most other
areas of the globe (Folland et al. 2001; Oerlemans 2005).

Results presented here and elsewhere suggest a strengthened hydrological cycle over
the North Atlantic, possibly associated with the persistent positive state of the North At-
lantic Oscillation in recent decades. Parts of this change are directly evident in data records
of multi-decadal or longer time scales (e.g., this study; Mauget 2003; Curry et al. 2003;
Hoeltzle et al. 2003), while other change is inferred from the recent tendency to NAO+
conditions and those conditions effects over ocean areas (Dickson et al. 2000). The over-
all pattern of change suggested here (Figure 14) is generally consistent with the clock-
wise, anti-cyclonic circulation of water vapor over major ocean basins (Manabe 1969). Al-
though more recent modeling attempts to link late-century NAO+- conditions to increasing
CO; concentrations have been inconclusive (Cubasch et al. 2001), Figure 14’s pattern of
change is also consistent with Manabe and Wetherald’s (1980) early study of the effects of
higher CO, levels on a simplified atmosphere-ocean general circulation model. That model
consisted of a single northern Hemisphere ocean basin bordering a continent to the west,
roughly analogous to the combined North Atlantic and North America region. Model in-
tegrations with doubled CO, levels resulted in increased transport of water vapor around
the oceanic anticyclone. That increased moisture flux produced wetter conditions along the
east coast of the model continent, increases in precipitation and runoff at higher latitudes,
and a large increase in the poleward transport of water vapor and the associated latent heat
energy.

The lack of long-term meteorological and oceanographic data over ocean regions makes
it hard to identify low-frequency change in the hydrological cycle over those areas. This
lack of context over time also makes determining the significance of such change uncertain.
However, the recent North American and northern European terrestrial wet periods found here
represent highly significant changes in precipitation in centennial time-scale records, relative
to Section 3.1’s definition of stationary climate variability (Hy). In terms of continuous and
observable rainfall variation those multi-decadal wet periods were unprecedented over those
areas during 1901-98. Given the ‘brute force’ nature of this study’s climate survey approach
and the sensitivity of the underlying time series analysis method, Table 1 shows that those
wet regimes were unprecedented over all the land regions considered here during that time.
It is suggested here that this recent and marked wetness bordering the North Atlantic may
be the most observable evidence of a broader pattern of North Atlantic climate change.
However, whether other elements of that change over ocean areas — increased evaporation
and salinity over the subtropical North Atlantic, increased rainfall and decreased salinity at
midlatitudes, and increased latent heat flux into polar regions — are comparably significant is
open to question. But those elements could be important factors in climate change beyond the
North Atlantic. That ocean region is a critical deep water formation area of the thermohaline
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Fig. 14 The pattern of North Atlantic hydrological change suggested by the late 20th century North American
and northern European rainfall regimes found here, and late century atmospheric and oceanographic change
proposed by other studies. Arrows indicate the clockwise, anticyclonic sense of water vapor transport over
major ocean basins

circulation, which may influence global climate (Dickson 1997; Broecker 1997). Also, the
majority of latent heat flux into the Arctic occurs through North Atlantic sub-polar areas
(Serreze etal. 1995; Dickson et al. 2000). Because of the relative magnitudes of the latent heats
of condensation and fusion, one gram of water vapor condensing on an ice surface releases
enough latent heat energy to, potentially, melt seven grams of ice. A significant increase in the
poleward flux of this ‘fluid sunshine’ (Pierrehumbert 2002) could have an important effect
on Arctic ice cover, with associated changes in the ice-albedo effect (Comiso and Parkinson
2004) and Arctic warming. While attribution studies indicate the primary role of greenhouse
gas radiative forcing in the late 20th century trend of general surface warming (Lean et al.
1995; Lean and Rind 1998; Tett et al. 1999; Stott et al. 2000), a potential consequence of that
warming is a stronger hydrological cycle (Trenberth 1999; Meehl et al. 2000; Cubasch et al.
2001). As a result, if Figure 14’s oceanic components of change are similarly significant to
the recent North American and northern European wet periods found here, then that overall
North Atlantic climate shift may represent a leading-response of the Earth’s hydrological
system to that forcing.
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